ABSTRACT: Amphibian ranaviruses have been documented as causes of mass mortality in amphibian populations throughout the world. The temporal and spatial dynamics of ranavirus infections when epidemics are not apparent remains unclear. To address this question, we collected tissue samples from 2003 to 2006 in 4 geographically separated tiger salamander Ambystoma tigrinum nebulosum host populations on the Kaibab Plateau in northern Arizona. We tested for Ambystoma tigrinum virus (ATV), a lethal ranavirus of tiger salamanders, calculated ATV prevalence for each sampling date, and examined temporal and spatial patterns by quantifying the annual level of ATV synchrony among populations using the intraclass correlation coefficient. Salamander populations were commonly infected with ATV. We observed no morbidity or mortality in these populations even as ATV prevalence values varied from 0 to 57%. Infection prevalence across the landscape was more similar within a given year than between years. There was no statistically significant spatial pattern in prevalence across the landscape. Our findings highlight the need to explore new hypotheses regarding the population level impact of these pathogens on amphibian communities.
INTRODUCTION
Ranavirus outbreaks in nature are catastrophic for larval amphibians with reports detailing mass morbidity and mortality of hundreds to thousands of larvae. Ranaviral disease outbreaks are apparently common in natural populations and widespread, having been reported in North America, South America, and Europe (Bollinger et al. 1999 , Green et al. 2002 , Greer et al. 2005 , Fox et al. 2006 , Cunningham et al. 2007 ). Indeed, most disease-related mortality events in amphibians in North America have been attributed to ranaviral disease (Bollinger et al. 1999 , Greer et al. 2005 . There are no data, however, documenting ranavirus infection prevalence in natural amphibian populations in the absence of an epidemic of disease. In the tiger salamander ranavirus (Ambystoma tigrinum virus, ATV) system, for instance, nearly every isolate has come from an epidemic of ranaviral disease. The cycle of persistence has been pieced together from a few observations and laboratory experiments ), but the temporal and spatial dynamics of ATV prevalence outside of these epidemics is unclear.
We examined the spatial and temporal patterns of ATV infection prevalence in naturally occurring tiger salamander Ambystoma tigrinum nebulosum populations using 4 yr of data from the Kaibab Plateau in northern Arizona to answer 3 questions: (1) Are there infected but asymptomatic larvae in ponds across the
Spatial and temporal patterns of Ambystoma tigrinum virus (ATV) prevalence in tiger salamanders
Ambystoma tigrinum nebulosum landscape throughout the growing season? (2) Does ATV prevalence vary spatially and temporally across the landscape? (3) Is ATV prevalence synchronized among ponds across the landscape? We hypothesized that due to the long-term evolution of ATV and tiger salamander populations on the Kaibab Plateau we would find asymptomatic ATV infections, and ATV prevalence would vary both spatially and temporally across the Plateau.
MATERIALS AND METHODS
Host and virus biology. Tiger salamanders Ambystoma tigrinum nebulosum can be found in ponds and cattle tanks across much of the western United States (Collins 1981) . Their life history is seasonal. Breeding occurs in early spring, and larval individuals spend the summer in ponds until metamorphosis in late summer. Newly metamorphosed young of the year move into nearby terrestrial retreats, e.g. mammal burrows, to overwinter. Sexually mature metamorphosed individuals return to ponds to breed in early spring. In northern Arizona where we conducted the present study, sexually immature young of the previous year typically do not return to the pond to breed their first season as a metamorph (Berna 1990) . Metamorphs may remain in the ponds for several days, weeks, or months (Collins 1981) .
ATV is a large double-stranded DNA ranavirus (Chinchar 2002 ) that is directly transmitted to susceptible hosts after contact with an infected individual (Brunner et al. 2005 (Brunner et al. , 2007 . Epidemics in larval populations typically occur in mid-to late summer and can recur annually . The reintroduction of the pathogen each year is attributed to sublethally infected adults returning to breed, dubbed an intraspecific reservoir . Infected larvae develop systemic infections and typically die 10 to 14 d after exposure (Jancovich et al. 1997 (Jancovich et al. , 2001 .
Field sites. We used 4 ponds in North Kaibab National Forest as focal ponds during this 4 yr study (2003 to 2006 (Fig. 1) . Heavy winter snowfalls on the plateau mean ponds are accessible only from late May to mid-October. No adult branchiate salamander phenotypes occur here and larvae do not overwinter in ponds (Collins et al. 1993) . Salamanders are only present in the ponds from ice-off (late May) until late August (depending on weather conditions). CR, MH, JMH, and SN all experienced epizootics as far back as the early to mid-1980s (Zerba 1989 , Berna 1990 , Brunner 2004 . There is no evidence of local extinctions of host populations.
Collection of field samples. Salamanders were caught at each pond throughout each season by seining, dip-netting, small mesh minnow traps, and hand. Each animal was tail-clipped (i.e. non-lethally sampled for virus screening and DNA analysis) using a previously published technique (Greer & Collins 2007 ) and tagged using visible implant elastomer tags (VIE; Northwest Marine Technology) according to date and year of capture. Each animal was examined for a VIE tag indicating a previous capture. Metamorphosed individuals (both adults and young of the year) were VIE-tagged according to the pond and year of capture. Animals were not tagged with VIE during 2003. A 1 cm length piece of tissue was removed from the tip of the tail with a sterile, single-use razor blade. Tissue samples were placed in 1.5 ml tubes containing 70% ethanol, except for those collected in 2003, which were stored in amphibian phosphate buffered saline (APBS) on ice until return to the laboratory and then frozen at -80°C. All animals were examined for external clinical signs of ATV infection including edema, papules, lesions, and bloody exudate from the vent (Jancovich et al. 1997) . Each animal was handled using a new pair of powdered latex gloves and single-use blades in order to prevent the possible transmission of ATV between animals as a result of handling. After completing work at each pond, all equipment (e.g. nets, waders) was decontaminated using a bleach solution before moving to a new location. Screening samples for ATV. We screened tissues for ATV using a PCR protocol (Mao et al. 1997 , Greer & Collins 2007 . Frozen tissues were lysed in 500 µl of 1× cell lysis buffer and 2 µl of proteinase K (14.4 mg ml ). Tubes were vortexed and incubated at 37°C overnight. Tubes were vortexed once more before being frozen at -20°C prior to DNA extraction. Extractions of total cellular DNA were completed using a standard extraction protocol (Sambrook & Russell 2001) . Each sample had 100 µl of protein precipitation solution added. Tubes were vortexed and then centrifuged at 21 000 × g for 10 min. The resulting supernatant was aspirated into a new 1.5 ml tube. Three hundred µl of 100% isopropanol were added to each sample and tubes were mixed by inverting approximately 50 times. Samples were then centrifuged at 15 800 × g for 5 min. The resulting supernatant was poured off leaving the DNA pellet within the tube. Pellets were washed with 300 µl of 70% ethanol and then centrifuged at 15 800 × g for 3 min. Supernatant was poured off each sample and samples were air-dried overnight (inverted). Dried pellets were diluted in 200 µl of molecular quality water and stored in a -20°C freezer until amplification. Ten µl PCR reactions were carried out using PCR primers MCP4 and 5 (Mao et al. 1997) . Each reaction included 1 µl of 10× PCR buffer including 2.0 mM MgCl 2 , 0.05 µl of 0.2 mM dNTP, 0.3 µl of 0.2 µM forward and reverse primer, 0.2 µl Taq, 1 µl template, and 7.15 µl molecular quality water. Thermocycling conditions were similar for all samples (94°C for 5 min, 94°C for 30 s, 55°C for 30 s, and 72°C for 30 s, cycled 35 times followed by an extension of 72°C for 2 min). Amplified product was visualized on 1% agarose gels. All samples testing negative for ATV were screened a second time to verify the negative result. This testing methodology produces false positives only as a result of sample contamination; therefore, both positive and negative controls were tested alongside all unknown samples. Positive controls were DNA samples from experimentally infected tiger salamanders known to be infected with ATV (animals died as a result of their infection and were both cell-culture and PCR-positive). Negative controls included extraction controls that were carried alongside all unknown samples throughout the protocol in order to assess carryover contamination from sample preparation. Negative virus controls were tiger salamanders that were known to be uninfected by ATV (non-symptomatic and both cell-culture and PCR-negative). Cocktail controls were samples that contained only PCR cocktail and no DNA to assess possible contamination of the cocktail reagents with ranavirus DNA. All negative controls were always completed last and without changing gloves as a means of identifying contamination. Each step (extraction, amplification, and visualization) was performed in an area of the lab dedicated to that purpose using dedicated equipment to prevent crosscontamination. All equipment (e.g. tip boxes, pipettes) was sterilized by UV light between uses.
Estimating ATV prevalence. ATV prevalence was estimated for each pond and sampling date by dividing the number of positive samples by total number of individuals collected. This yielded the apparent prevalence within the population. However, the sensitivity of our test is low for animals that are newly infected (< 5 d), so we converted the apparent prevalence value to an estimated true prevalence value based on the known sensitivity and specificity of the diagnostic test (Greer & Collins 2007) . Confidence intervals were estimated based on the sample size collected following Dohoo et al. (2003) . For example, if only 30 tissue samples were obtained for a specific sampling date and all samples were negative, this indicated that we could be 95% confident that the true prevalence of disease was at or less than 10%; the true prevalence for this date could take any value from 0 (the apparent prevalence) to 10%. Each sampling season was defined as the period from June 1 to September 1 for a total of 93 d per year. This 'season day' was used to plot all prevalence figures with time on the abscissa instead of date to display all 4 yr of data on one figure.
To describe the temporal trends in prevalence, we fit 4 non-linear models (a single Gaussian, cubic, quadratic, or 4th degree polynomial) to each of the 2004 field prevalence datasets (1 per pond) using a maximum likelihood approach implemented in Matlab (Mathworks). We then used the Akaike Information Criterion corrected for sample size (AIC c ) and AIC weights to compare models. Curves were not fit to the 2003 and 2005 datasets because of too few data.
Evaluating disease synchrony. We calculated the intraclass correlation coefficient (ICC, r i ) as a measure of synchrony between populations (Zar 1984 , Dohoo et al. 2003 , Fontaine & Gonzalez 2005 . The ICC is a pairwise measure that quantifies the correlation between observations and estimates homogeneity. Values of r i close to 1 indicate complete synchrony, while values approaching -1 indicate a complete lack of synchrony. We calculated ICC values from the disease prevalence data at each time interval. The ICC is a more precise measure than Pearson's product-moment correlation coefficient when the sample sizes are small or more than 2 groups are being compared. We also used coincidence of peaks to compare sites qualitatively using the number, dates, and severity of peaks (Buonaccorsi et al. 2001) . (Fig. 2) . Data collected in 2004 appeared to have 2 peaks (1 early in the season and 1 later in the season); however, the curve with a single mode was best supported by the data, according to AIC c (Table 1) .
RESULTS
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Disease synchrony
Since no ponds had detectable disease in 2003 and 2006 they were, by definition, synchronous. In the 2 remaining years, ponds were more similar within a year than between years (Fig. 2) .
In 2004, salamanders in all 4 ponds were ATV-positive on multiple sampling dates. JMH and SN were highly synchronized (r i = 0.924): both ponds had peaks of similar size on the same sampling date. The 2 ponds in closest proximity (CR and MH) were less synchronized (r i = 0.346) than more distant ponds (Fig. 1 ). CR and MH had peaks of similar size, but shifted in the timing of the disease maximum with CR peaking earlier than MH (Table 2) . Ponds most distant from one another (10.3 km) had similarly sized peaks, but peak timing was discordant (Table 2) In 2005, ponds most distant from one another (CR and SN) were most synchronized (r i = 0.882; Fig. 1 ). CR and SN experienced similarly sized peaks with the same timing ( Table 2) . MH and JMH were less synchronous (r i = -0.323; Fig. 1 ) despite being closer to one another.
Metamorphosed salamanders
None of the 129 metamorphosed salamanders tested positive for ATV. However, prevalence in returning metamorphs may have been as high as 38% at a given time in a given pond after adjusting for sample size and the sensitivity and specificity of the diagnostic test (risk of false negatives). Fifteen of 76 marked, metamorphosed salamanders were recaptured, all at their pond of origin rather than at neighbouring or more distant ponds (including ponds not included in the present study).
DISCUSSION
Using tissue samples collected from ponds across the Kaibab Plateau with histories of ATV outbreaks we found that salamanders in northern Arizona may be commonly infected with ATV in the absence of die-offs or even overt symptoms. During our 4 yr study no salamanders presented clinical signs of ATV infection and no disease outbreaks were observed within these ponds, despite regular sampling and a high prevalence of infection in some years. We emphasize that this does not mean that larvae were not becoming sick and dying of ATV infections, just that this morbidity and mortality was not common enough to be detected. This contrasts strongly with experimental infections of larvae with ATV, which are usually lethal within 2 to 3 wk (Jancovich et al. 1997 , Greer et al. 2008 , and with previous field reports of ATV-related mortality literally decimating larval cohorts (Bollinger et al. 1999) . One possible explanation for these contrasting findings is that tiger salamander populations have evolved, if not resistance to ATV infection, which would result in relatively few ATV-infected animals, then tolerance. We hypothesize that after years of strong selection (i.e. large outbreaks killing most or all susceptible hosts), surviving salamanders are more tolerant of ATV infection such that their offspring do not exhibit clinical manifestations of the disease or experience mortality as a result of the infection. It is also possible that the virus has evolved reduced virulence. Our data cannot resolve these possibilities, but they do highlight the need for more research on host -virus evolution.
We found that ATV prevalence varied greatly across the plateau in space and time. Prevalence was more similar among populations within a year than between years. ATV prevalence was > 50% in 2004, but no infected animals were found in 2003 or 2006. Due to forest fires on the Plateau in 2006, sampling was not possible for much of the summer season, so this observation may be related to low sample sizes. Prevalence data collected in 2004 and 2005 demonstrated that while prevalence fluctuated throughout the year within some ponds, the best supported curve was one with a single peak. Some variation among sampling periods is expected simply because of random variation in samples. Work is underway to examine disease transmission dynamics within this system using a mathematical model to test for mechanisms that could cause a switch from local to global disease transmission dynamics. Lastly, synchrony in dynamics between ponds suggests that ATV prevalence was synchronous or nearly synchronous among the 4 ponds within a year and less so between years, but synchrony was difficult to predict. In some years, such as 2004, the ponds that exhibited the most similar dynamics were in fact the ponds that were the most spatially distant from one another, whereas ponds that were in close proximity exhibited very different dynamics. This finding suggests that synchrony in ATV dynamics is not a result of movement of salamanders between ponds or even the prevailing influence of local conditions. Focused, hypothesis-driven experiments are needed to examine the mechanisms that drive synchrony in these populations. They would contribute greatly to our understanding of infectious disease dynamics in wild populations. 
